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ABSTRACT

T.he

~pact

of the internal combustion engine on the air

pollution problem in this country was presented and alternative
propulsion systems for the land transportation vehicle were
investigated.

T.he potential characteristics of the more

promising closed cycle-external combustion engine concepts
were established and discussed.
~e

the

closed

Rankine~

the~odynamic

Stirling~

power cycles analyzed include

and Feher supercritical cycles.

Thermodynamic property data on eighteen candidate working
fluids for the Rankine and Feher supercritical power cycles
have been assembled and were presented in a utilizable

fo~.

The thermal efriciency (ratio of the net work out to the
heat input) and the many other s811ent reatures of the
candidate thermodynamic closed cycle-working fluid combinations were determined.

Froa this information, the attractive

and undesirable characteristics of various concepts were
evaluated.
T.he most promising external combustion engine-closed
thermodynamic cycle concepts are presented along l-Ti th what is
required to develop these concepts, or others that become
more promising later, to the degree where they can be
considered practical alternatives to the internal combustion
engine.
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I.

INTRODUCTION
In recent years air pollution has became a problem of

great concern.

This concern has been generated not only by

the deteriorating effect which air pollution has on the
beauty of the environment, but also on the fact that a number
of recent findings show that air pollution has a detrimental
effect on human health, plant life, and animal life. 1 • 2*
Major sources of air pollution include electric power plants,
apace heaters, industrial plants, and land vehicles powered
by internal combustion engines.

T.he primary problem in any

given community is obviously a runction of the synergistic
effect of all these sources.

In addition, local weather

conditions and the occurrence of thermal inversions have a
strong influence on the overall air pollution problem.
Yet, it is an established fact that the current motor
vehicle constitutes a very significant, and in some localities a major or

pr~ary,

source of air pollution.

It has

been estimated3 that the total annual pollution on a national
basis from a population of 90 million vehicles is as follows:
66,000,000 tons
6,ooo,ooo tons
12,000,000 tons
190,000 tons
1,000,000 tons
1,ooo,ooo tons

of
ot
of
of
ot
of

carbon monoxide
nitrogen oxides
hydrocarbons
lead in lead compounds
sulfUr oxides
particulates

It this pollution were distributed evenly throughout
the land area ot the United States it

probabl~

would be ot

*BQeraoripts used. in this manner are references to the
bibliograph7.

2

little current concern.

However, large portions of this

atmospheric contamination are inevitably dumped where there
are large numbers of cars.

Urban centers are where the

problem has and generally will become acute.

Reference 4

presents data which shows that motor vehicles emit 1,870
tons per day of hydrocarbons, 10,000 tons per day of carbon
monoxide, and 540 tons per day of the oxides of nitrogen
within the geographical area of Los Angeles County.
metropolitan area of

Even the

st. Louis receives an average of 1,020

tons per day of hydrocarbons, and 3,050 tons per day of
carbon monoxide.5

Other urban centers have undesirable

problems which will get worse as the number of vehicles
increases.
Alternatives to this situation do exist and some are
currently being pursued today.

Considerable interest was

generated a few years ago in both battery and fuel cell
powered electric vehicles.

Utilizing current technology,

neither one of these approaches can be used to develop a
vehicle which will compete in total perfor.mance with the
internal combustion engine.

The primary problems with

batteries are the low storage energy capability per unit
weight, cost, and periodic recharge requirements.

Fuel cells

possess problems of low power to weight ratio and high
cost. 6 •7

Despite the problems with battery powered cars,

they will probably find a market for very specific applications such as a commuting vehicle.

Research is currently

continuing on e1ectric vehic1es and some projections indicate

3
that by the 21st century this vehicular power source wi11 be
very attractive due to more stringent po1lution requirements
and dep1eted ~e1 resources. 8
The gas turbine is another alternative which shows a
good dea1 of promise because of its high power to weight ratio,
1ow po11ution characteristics, and other factors.

It suffers

somewhat from the required use of high temperature-high cost
materia1s in the engine in order to achieve respectable cycle
efficiencies and

economy.

~el

Along with the required high

temperature open cycle conditions of the gas turbine are
various practical and technical problems associated with the
application such as hot corrosion of metal due to the ingestion of winter road salt.9
Improved emission characteristics for the internal
combustion engine (ICE) has been the subject of considerable
research by the auto makers in recent years.
able to achieve an
and a

70~

80~

reduction in the amount of hydrocarbons

redUction in the amount of carbon monoxide emitted

from the internal combustion engine. 10

or

They have been

As the concentration

hydrocarbons and carbon monoxide has been reduced through

leaner mixtures and higher combustion temperatures, the
emissions of the oxides of nitrogen have increased.

In

addition, the problem of the emission of lead compounds has
not been solved.

The pollutants (including oxides of nitrogen)

emitted from the internal combustion engine can be reduced
further if required.

Unfortunately there will be penalties

in cost, performance, fuel economy, and driveabi1ity. 10

4
In order to meet the

1974

California

stand~ds

of

reducing hydrocarbons, carbon monoxide, and oxides of nitrogen
to 85~,

70%-

and 80~ respectively of their 1960 levels, the

auto manufacturers cla~ 11 that it will cost the consumer 10~
to

30%

in fuel consumption, a minimum 10% hike in the price

of each car, and an unknown increase in maintenance costs.
An alternative which has to a large extent been ignored

from a general standpoint, is the closed cycle-external
combustion power plant.

The combustion of fuel in this type

of unit is independent of the power cycle and therefore the
combustor can be designed to maximize burning efficiency and
minimize pollutants.

Examples of what emissions have been

obtained from non-optimum combustors of this type are
illustrated in Table I and are compared with the emissions
from both an internal combustion engine (ICE) without
emission control devices and a current day emission controlled
ICE.

Obviously, there are many other considerations besides

air pollution which are considerably more important in designing a vehicular power plant.

It is the objective of this

thesio to investigate certain candidate thermodynamic cycles
and working fluids for closed cycle power systems and assess
the feasibility of various concepts.

5
TABLE I
COMPARISON OF EMISSIONS FROM INTERNAL AND EXTERNAL
COMBUSTION ENGINES
Carbon
Monoxide
(%)

Uncontrolled ICE

Hydrocarbons

Nitrogen
Oxides

(PPM)

(PPM)

3.80

900

1100

Not
Me asured

0.90

241+

1265

Not
Me asured

o.o5

20

70

None

1-2

100-200
u~ to )_~ 0
possible)

None

(Data f'rom Ref'erence 10
Current Controlled ICE
(Af'ter 4ooo Miles Use) ,
(Data f'rom Ref'erence 10
~v:i.lliams

Steam Engine

Lead

(Data f'rom Ref'erence 12
Philips Stirling Engine
{Data f'rom Ref'erence 13

o.oo7 0.030
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II.

THE THERMODYNAMIC CLOSED POWER CYCLE

The attributes of open and closed power cycles are many
and varied depending upon the particular application and the
specific technical-economic interests of the evaluator.

In

general, however, open cycles have been adopted in the past
to convert thermal energy to mechanical energy when the
greatest degree of simplicity and compactness is desired.
Typical open cycle examples which are in common use today are
the automotive internal combustion engine and the aircraft
turbojet engine.

The following characteristics are inherent

to an open cycle system:
• The working medium is generally restricted
to atmospheric air and whatever products
of combustion that get added to the process
fluid during the cycle.
• The minimum cycle pressure is generally a
function of surrounding air pressure and
is usually f'ixed.
• Combustion takes place during one o:f the
ther.modynrumic processes in the cycle and
therefore has rather stringent t~e
temperature-pressure requirements placed
on it.
• Speeif'ic types of fuels are usually required.
• In a reciprocating engine, instantaneous
gas temperatures can be achieved which
are considerably above the safe design
limit of' the containing metals, thereby
:favorably influencing the thermal ef'f'iciency.
In comparison, closed power cycles have the following
attributes:

7
• - A certain amount
in th~ selection

o~
o~

choice is available
the working medium.

•

Considerable choice is available in the
selection o~ the cycle base pressure.

•

Almost e:n;r type o~ cycle heat source can
be utilized (i~ a petroleum fuel is used
the combustor can be optimized to burn
as pollution free as possible without
significantly affecting the rest of the
system) •

•

Heat exchangers are required both for the
heat addition process and the heat
rejection process.

•

Depending upon the nature ot the working
fluid and the type of system. lubrication
o~ moving parts can be a severe problem.

•

For some cycle-working fluid combinations.
regenerative heat exchangers will be required in order to achieve desirable
e~~icieneies.

An important feature

that continuous

~low

~or

both open and closed cycles is

machines generally have the highest

power density both on the basis of weight and volume per
unit power.

Reciprocating engines offer conversion

ef~icien

cies which are among the best achievable with today 1 s technology due to their ability to

operat~

with peak working fluid

temperatures much higher than the safe design limit of the
engine materials. 1 4

8
III.

THE RANKINE CYCLE

The most common and widely used closed thermodynamic
power cycle is the Rankine cycle.

It is the basic thermody-

namic cycle which has been used for years in large electric
power plants.

This cycle has also been used extensively to

power locomotives, steam cars, and a large number of other
machines during both the 19th and 20th centuries.
An important feature of this cycle is that both the

liquid and vapor phases of the working fluid are utilized to
the best advantage in the processes of the cycle.

The work

from this cycle is derived from an isentropic expansion
(constant entropy) of high temperature•high pressure vapor
to a lower pressure and temperature condition.

This low

pressure-low temperature vapor is then condensed to the liquid
state.

In the liquid state the working fluid can be pumped

to the cycle upper pressure with a very small expenditure of
work.

This cool high pressure liquid is then heated to the

boiling point and sufficient heat is added to change the
fluid to the higher energy vapor state for the beginning of
the work producing expansion process.

A typical arrangement

of the engine, condenser, pump, preheater, boiler, and superheater (if required) for a Rankine cycle system is illustrated
by the schematic drawing of Figure 1.
The graphical presentation of a thermodynamic cycle on
temperature-entropy and pressure-specific volume diagrams is
an aid in visua1izing the thermodynamic processes involYed.
Pigure 2 illustrates the Rankine cycle for the typical fluid

9

I

1
If

1+--Q

Supe:rheater

t

Work

Engine

1'

out

Boiler

--

~Q

t5
Preheater
Work
~n

I
-1

+4
Pump

~Q

L

,,

3

2

Condenser

f""'

~Q
Figure 1 Schematic Arrangement of the Components
of a Typical Rankine System Using Wate:r

Critical point

Critical point
P=Const.

p

T

line

line

s

v

Figure 2 The Ideal Rankine Cycle for Wate:r
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water since most applications to date have utilized water as
the working medium.

The thermodynamic processes shown in

Figure 2 are:
• Process (1-2) consists of an isentropic
(constant entropy) work producing expansion
£ro.m a high pressure-high temperature
condition to a lower pressure and temperature.
• Process (2-3) is a constant temperature and
pressure condensation process to the liquid
phase.
• Process (3-4) is a liquid phase pumping
process to the cycle upper pressure and
requires a relatively ~all amount of work.
• Process (4-5) is a constant pressure liquid
phase heating process to the boiling
temperature.
/

• Process (5-l ) is a constant pressure and
temperature boiling process which converts
liquid to high energy vapor.
• Process (J! -1) is a constant :t>ressure vapor
heating process (superheating). It is only
required for certain types of fluids like
water if it is essential to keep the work
producing expansion process (constant entropy)
entirely in the vapor region. If the
£ormation of liquid during the expansion
process is tolerable, then a process like
1/-2/ of Figure 2 may be feasible.
The ther.mal ef£iciency of the Rankine cycle is defined
as the ratio of the net work out to the heat input to the
cycle.

It is desirable to have this value as high as

possible.

In equation for.m the thermal efficiency can be

expressed as:

11

A large majority of the Rankine cycle systems which have
been built to date have utilized H2 o as the working fluid.
Some of the reasons for this are that water has good thermal
stability, is readily available and economical, is capable
of achieving high cycle efficiencies, and considerable
knowledge has been developed concerning its properties and
the design of equipment using it.

In the 19th century, it

was probably the only feasible working fluid available.
There is a number of other fluids which can be considered as attractive candidates for Rankine cycle application
and it is important to investigate their characteristics.
One of these characteristics is the shape of the vapor dome
on the temperature-entropy (T-S) diagram.

The shape of this

saturation line curve is influenced significantly by the
nature of the working fluid.

Fluids like water and

11

have negative slope saturated vapor lines on the T-S

Freon 11 12
diagr~

and therefore generally require superheating prior to the
work process as illustrated in Figure 3a.

If these fluids

were not superheated to a.sufficient extent, isentropic
(constant entropy) expansion would result in some liquid being
formed and therefore the term "wettingn is used to describe
these fluids.
Fluids like "Freon"
type :fluids.

114 and "Freonn C-318 are

"drying"

They have saturated vapor lines with positive

slopes on the T-S diagram.

Therefore, isentropic expansion

of' these "drying" fluids results in further extension into
the superheat region as illustrated in Figure 3b.

In order

12

(a) "Wetting"

T

(b) liDrying"

T

T

s

(c) "Isentropic"

s

s

Figure 3 The Rankine Cycle for Typical
"Wetting," "Drying,n and "Isentropic"
Fluids

to be reasonably efficient, most cycles using "drying" type
fluids require regeneration.

Regeneration is a ter.m which

describes the transfer of' the heat rejected during process
(2-2') to the heating process

<4-5)

of Figure 3b.

Generally, it can be observed that comparatively simple
molecules are "wetting" type fluids and the more c omple.x
molecule fluids are genera.t.ly of' the "drying" type.14

For

Rankine cycle application it would be most desirable to have
a fluid with an isentropic (constant entropy) vapor saturation line as illustrated in Figure 3c, process (1-2) and
thereby eliminate the need f'or either superheating or regeneration since the entire work producing process takes place very
near the saturation line.
In the selection of' a working fluid f'or the Rankine
cycle powered land vehicle, numerous fluid criteria have to
be considered in order to meet the needs of' the application.

13
The following list is an attempt to specify the desired
characteristics for a Rankine fluid.

It was

fo~ulated

by a

thorough study of the characteristics and problems of the
application along with the aid of numerous referenoes. 1 4-lB
• It should be capable of achieving the
best possible cycle ther.mal efficiency
(ratio of net work energy out to the
energy input--see equation on page 10).
lt is preferable for this number to be

o.--.r

25~.

• The best possible fluid ther.mal stability
at high temperatures is desirable. As a
first approximation the fluid should not
undergo ther.mal de8o.mposition up to temperatures around 1,000 F.
• The fluid should be compatible with and
not chemically react with common materials
of construction up to the maximum design
temperature of ~e system. As a first
approximation, ~his temperature should also
be around 1,000 F.
• The f'luid0 freezing temperature should be
below -40 F in order to satisfy cold
environment operation and storage
requirements.
• It would be desirable for the .fluid to 0
have a cr~tioal temperature between 900
and 1,100 F with a critical pressure below
1,000 psia as a first estimate.
• T.he fluid vapor pressure at the condenser
temperature (preferably 200°F) should be
high enough to achieve a reasonable rate
of condensation per unit area of condenser.
T.his pressure should be in the range of
3 to 30 psia.
• If a turbine work producing unit is utilized,
the molecular weight of the .fluid should
be high enough to achieve reasonable unit
densities.
• Utilisation of the working fluid as a
lubric&Dt in the eDgine shou.ld be possible.

14
• The liquid phase specific heat of the
working fluid should be as low as possible in order to achieve the best cycle
thermal efficiency. It is preferable
that the liguid specific heat be below
0.4 Btu/lb. F.
• The saturated vapor line should be as
close as possible to constant entropy in
order to minimize the need for either
superheaters or regenerators in the
system.
• The fluid should be nontoxic and nonin.f'lammable in order to min~ize the potential
hazards.
• The fluid should be nonreactive with
common substances which it might come in
contact with such as concrete, grass,
asphalt, etc.
• The cost of the fluid should be reasonable
when produced in large quanti ties. A
cost less than 25~ per pound would be
preferable.
A.

Candidate \vorking Fluids
No candidate working fluids known today satisfy the many

and varied requirements of the desired fluid set forth in the
previous section.

It is doubtful if all the requirements can

ever be met \-ti th a single fluid.

However, some currently

available fluids are considerably better than others and it
is therefore important to know what thermodynamic characteristics the more promising fluids have.

This not only improves

the probability of selecting the best fluids currently available, but also illustrates what class or types of fluids might
be zeroed in on in the .future in the chemical development of
a better working medium.

In addition, the attributes of other

15
thermodynamic cycles can be evaluated once the thermodynamic
properties are known.
The search for the most promising available fluids for
a specific application is generally a very frustrating and
time consuming process.

So much so that at least in the

past, the designer has typically selected a fluid which he
has some knowledge of and built the system around it without
being too greatly concerned as to whether the choice of the
working fluid was a good one.
The existence of this condition is due to the fact that
the technical literature is far short of containing even the
basic thermodynamic properties of many well known fluids.

In

addition, a number of potential candidate fluids have been
developed by the major chemical companies, but their characteristics and thermodynamic properties have not been either
developed, published, or made available in a utilizable
fashion.

Some of the fluids which have found commercial

value as refrigerants are exceptions and have been defined
quite well thermodynamically within the temperature-pressure
regions associated with refrigeration systems.

This has

ocurred only through considerable research effort by both the
manufacturers and various universities.*

Most fluids outside

of the refrigeration field, and even a number within it,
would not be thermodynamically defined today had it not been
*~•

determination of the physical and ther.modynamic properties alone o~ a single fluid has been the subject of several
Doctor o~ Philosophy and Master dissertations.

16
for the capability being developed in recent years to simulate the ther.modynrumic properties of fluids using various
analytical equations and high speed computers.
It was found during this study that the

ther.modyn~ic

properties of a number of the most promising fluids were
essentially available only from the particular chemical
company which manufactures that fluid.
An extensive effort was made to

compare

the proper-

ties for the most promising working fluids available today.
Over one hundred possible fluids were surveyed by utilizing
the available literature and making contact with the chemical
companies Which manufacture various fluids.

Many of these

fluids are not practical for application to Rankine cycles
in the land transportation environment because of' the temperature at which the saturation line exists and the value of the
critical temperature and pressure.

Others are not feasible

because they are either extremely toxic or chemically decompose at the temperatures required for a practical power cycle.
Still others may be potential candidates but insufficient
data is available to evaluate them.
Eighteen candidate i'luids were selected as being of the
most current interest and promise for Rankine and other vapor
dome related cycles and at the same time being relatively
well dei'ined thermodynamically.

These eighteen are listed

in Table II along with the various designations, the manufacturer, mol.ecular weight, critical temperature. critical
pressure, melting temperature, boil.ing temperature at stan-

TABLE ll
BEST CANDIDATE WORKING FWIDS CURR:..::'!'L! AVAilABLE
Manu!ac:turer' s
Designation
or
General

Manafaeturer

Molecular
Weight.

General Nallle
luld./or Formula

Critical
Temp.

Critical
Pressure

._

Kelting
Temp.
or
Pour
Point.

Boiling
Temp.
a.t
(14.7
PSU)

Highest
Possible
Useable

Probable
Toxicity
GradeB

Temp.

Probable
Flamabilit.;r
Grade B
of Vapor

Approx..Uoate
Cost
(in ton

("F)

(PSIA)

("F)

( •F)

(based on
thermal
stability)
("F)

196

972

355

-70

560

650

l

l

5.00

78

551

700

42

176

fiX)

J

J

o.os

Monsanto

Monoisopropyl Biphenyl (C15 H16)

CP-17

Monsanto

Benzene (C6 ~)

CP-25

Monsanto

Toluene

lls)

92

t/:)9

6ll

-139

231

700

2

J

o.os

CP-27

Monsanto

Monochlorobenzene ( C6 H5 CL)

llJ

697

656

-49

Z70

650

3

2

0,15

CP-32

Monsanto

l')'ridine (N c4 !!;.)

79

657

817

-45

230

650

J

2

15.00

CP-34

Monsanto

(S c4 H4 )

84

585

792

-40

183

fiX)

4

J

9.25

li/A

9Z7

454

54

495

750

1

1

0.)2

26.5% Dipheey1 (by weight)
Dovthetlll ...

Dow

i

I
QU&Iltitiu
UJil.eaa noteci) I
($/Lb)
I

CP-9

(C.,

I

c

c

73.5% Diphenyl Oxide (by weight)
Dovtherm E

Dow

0-Dichlorobem;ene (:6 H4 CL2)

147

800

570

<O

356

fiX)

2

3

0.26

PC-75

3M

1'1uorochemical (C8 Fl6 0)

416

441

232

-1J5PP

:<16

750

0

0

7.00

Freon ll

Dupont

Tr1chloromor.of1uoromethane (C c1 3 F)

1)7

388

640

-168

75

420

0

0

0.22

Freonl2

Dupor.t

Dichlorodifluoromethane (C Cl2 F2 )

121

234

597

-252

-22

480

0

0

0.28

Freon 21

Dupont

Dich1oromonofluoro~ethane

103

J53

750

-211

48

410

1

1

0.6)

Freon llJ

Oupo,-.t

Trichlorotrifluoroethane (C Cl2 F - C Cl F2)

187

417

495

-31

113

475

0

0

0.50

Freon ll4

Dupont

Dichlorotetrafluoroethane (C Cl F2 - C Cl F2)

171

294

473

-137

39

520

0

0

0.61

Freon C-318

Oupoc.t

Octafluorocyc1obutane (C -

200

240

404

-43

22

)700

0

0

2.50

HFB

Imperial
Slneltir.g

Hexafluorober.zene (C6 P6)

186

470

480

< -65

175

850

0

0

:.!0.00

18

705

3206

J2

212

>1500 A

0

0

Very Lov

>1500 A

0

0

Very Lov

Vater

(Available
Nat•Jca:".f)

'ti;;ter ( h.20)

(C H Cl2 F)

c4

Fg)

(!i"'"C.€Cv"S

Carbon Dioxi<le

...

S<>:tc;es)

Carbon

Dio~iJ~

11chest UH&b1e temperature is probably
a !unction or a7stem consi<lerat.iona
Uau \lwraal aw.hilit.r.

.ar.

(C

C~)

46

88

1072

70°F 9

Sub1ir es

75 PSIA

" -no•;:

c

B Numbers re~er t.o the tOX.::ity and flar..mability
C This price ~s. basec;! on relatively small quantities.
hazard rat.l.q; system of the United States Coast. Guard. •
large q:tant1hes would. result in considerably ore
attractive prices.
:;.

1-J
-J
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dard pressure. highest usable temperature. toxicity rating,
flmmnability rating, and approximate cost.

The data presented

in Table II was obtained from References 19-29.

Carbon

dioxide is included in this list, not because it has much
promise in being applied to a Rankine cycle, but because it
has been used for supercritical power cycles and it is
enlightening to compare its properties with other fluids.
T.he highest useable fluid temperature is a runction of
the containing materials of construction, the amount of time
high temperature exposure occurs, and the amount of tolerable
decomposition per.mitted.

Unfortunately• adequate high

temperature decomposition data on all the fluids does not
exist.

However, it was possible to obtain limited data for

certain fluids and manufacturer's recommendations on others.
Utilizing the criteria that a land transportation vehicle
can suffer one half of one percent decomposition in the
working fluid after 50,000 miles of operation, an effective
time of high temperature exposure can be estimated.

Assume

that a duty cycle of idle, low speed, and high speed operation
is utilized so that 50 1 000 miles can be nominally completed
in 1,200 hours of operation and that 10~ of the fluid in the
engine is at the high temperature condition at a given time,
then the effective average high temperature time of the fluid
would be equivalent to 120 hours or 5 days continuous exposure for 50 1 000 miles of vehicle operation.

This finite

exposure time concept was utilized for fluids with the decoa-
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position rate data available in establishing the highest
useable temperature presented in Table II.
Most data on the toxicity of various chemicals to date
~been

generated with the 8 hours a day-5 days a week

industrial environment in mind and is not directly applicable, if at all, to the vehicular situation.

In addition, to

a large extent toxicological studies are made on rats, guinea
pigs, or monkeys, and the extension of the results to man can
not be made directly.

The United States Coast Guard (U.s.c.G.)

has been concerned with acute toxicological problems which
might result from the accidental discharge of bulk industrial
chemicals being transported by water.

They have in conjunc-

tion with the National Academy of Science/National Research
Council30 developed the following toxicity rating system
which is used in Table II to evaluate the candidate fluids:
Grade 0

No likelihood of producing injury.

Grade l.

Minimum hazard--includes most
chemjt als having threshold
limits above 500 ppm.

Grade 2

Some hazard--typically having
threshold limits or 100 to
500 ppm.

Grade 3

Moderately hazardous chemicals.

4

Severely hazardous chemicals
usually having threshold limits
below 10 ppm.

Grade

The flammability of various fluids can be compared using
a similar rating system.

The following U.s.c.G. rating

system is used in Table II to evaluate the candidate fluids:
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Grade 0

Chemicals that are essentially
noncombustible, considered to
represent no fire hazard.

Grade 1

Chemicals representing a minimum
fire hazard, having a closed-cup
flash point above 140°F.

Grade 2

Combustible chemicals having a
closed-cup flash pobnt below
140 F and above 100 F.

Grade 3

Flrummable liquids having a
closed-cup flash point below
100 F and a boiling point undgr
standard conditions above 100 F.

4

Volatile liquids or liquefied
gaseous materia6s having a flash
point below 1000 F and a boiling
point below 100 F.

Grade

In addition to the basic data for each fluid presented
in Table II, Mollier pressure-enthalpy charts have either
been obtained or generated from data supplied by the
manufacturer. 1 9- 2 3

These charts contain data on the liquid,

vapor, and supercritical fluid states in the forms of enthalpy,
entropy, pressure, and temperature.

Copies of these charts

are available from the author upon request.
Looking into the future, it is possible that new working
fluids will either be discovered or developed.

Indications

are that some of the major chemical companies are studying
various compounds and estimating their probable properties.
This may or may not lead to a major breakthrough.
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Recently, there has been a controversy over the substance
called polywater.31

Researchers at the University of Maryland

and National Bureau of Standards propose that it is actually
a pQl,mar· chain of oxygen and hydrogen atoms.

Densities in

the range of 1.04 to 1.40 g/cm3, hardening temperature (not
freezing) in the range of -40° to -50°C, and boiling temperature in the range of
this substance.31

650°

to 700°C have been reported for

Casual suggestions have been made that

polywater may have application to the Rankine power cycle.31
To date, however, only very small quantities of polywater
have been made and the

the~odynamdc

substance have not been determined.

characteristics of this
It is therefore impossi-

ble at this time to evaluat.e whether it is a promising power
fluid candidate or not.
B.

Eval.uation and Comparison of the Candidate Working Fluids
When the stringent in-service requirements of a land

transportation vehicle are considered, even a number of the
fluids of Table II show some obvious deficiencies.
exEmple, CP-17,
of 42°,

54°,

Dowthe~

For

A, and water have freezing points

and 32°F respectively.

Since temperatures

below these values occur fairly frequently at a large number
of places on the earth, this cou1d cause storage and start up
problems.

The toxicity and flammability characteristics ot

CP-17, CP-25, CP-27, CP-32, CP-34, and Dowtherm E are what
can be considered as less than desirable from a safety standpoint.

BoweTer, dependimg upon how the system is deaigaed.
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and used, this may not be a decisive problem.

The cost of

the fluids CP-9, CP-32, CP-34, FC-75, "Freon" C-318, and HFB
presented in Table II are higher than desirable for a common
land vehicle application.

However, a large volume, long term

market for these fluids could perhaps reduce their price to
an acceptable level.
For the closed cycle engine-land transportation vehicle,
the cycle sink temperature (minimum temperature) has a very
significant influence on the useable temperature-pressure
range of the working fluid.

To illustrate this situation,

the saturation line temperature-pressure relationships for
each of the eighteen candidate working fluids are plotted in
Figure

4.

The abscissa

and ordinate of this graph were

selected utilizing the integrated form of the ClausiusClapeyron vapor pressure equation which is as follows:
lnP =

+ B
0

Since ground level air temperatures of over 100 F do
occur at a number of places on the earth and since it is
important to have the heat rejection heat exchanger (condenser) of minimum size, a minimum lower cycle temperature of
200°F was selected for the comparison of the various fluids
and cycles.

For effective heat rejection heat exchanger or

condenser performance, a reasonable pressure is required at
this condition.

This required pressure can vary considerably

depending upon the fluid, type of heat exchanger, and heat
transfer rate per unit area requirements.

In order to caapare
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various fluids and cycles, an arbitrary
of 1 psia was selected.

min~um

cycle pressure

It would obviously be desirable to

have a minimum pressure somewhere above atmospheric pressure
in all conditions including non-operating, so that contamination

o~

leakage.

the working

~luid

would not occur through inward

However, this would place very severe restrictions

on the pressure and temperature ranges of the cycles.

To

illustrate what possible operating ranges various fluids have,
the 200°F and 1 psia limit lines used in this evaluation are
shown in Figure

4.

The upper cycle temperature is not always as readily
established.

Obviously, it cannot exceed the highest useable

temperature for the respective fluid presented in Table II
without incurring objectionable thermal decomposition.
some

~luids,

it is desirable to use a cycle with a

For

max~um

temperature below that or the fluid capability because of the
nature of the vapor dome for the respective

~luid.

Utilizing the lower temperature or pressure criteria and
the upper fluid temperature limit along with the vapor dome
characteristics of each fluid, a typical power cycle for
each fluid was selected.

In selecting the statepoints of the

cycle for each fluid, consideration was given to achieving
the best thermal efficiency and specific work (work per pound
of working fluid)' :possible with the restraints listed above.
In addition, where possible, an attempt was made to use the
cycle which would keep the overall system as s~ple as
possible by not utilizing regenerators or superheaters ~ess

25
necessary.
because

or

Ideal cycles were utilized in this comparison
the extreme complexities involved in assessing the

actual losses in real systems and then comparing them rrom
rluid-cycle conriguration to rluid-cycle configuration.
The specific type of Rankine cycle utilized to assess the
perrormance of each candidate rluid is listed in Table III.
This table presents a summary of the characteristics

or

cycles and their thermal perrormance for each fluid.

these

The

cycles for CP-9, CP-17, CP-25, CP-27, CP-32, CP-34,
Dowther.m A, Dowther.m E, FC-75, and HFB utilize the Rankine
t'orm ror

11

drying 11 type .fluids with regeneration

able heat .from the statepoint at the end

or

to the start of the heat rejection process.

or

the avail-

the work process
The cycles .for

"Freon" 11 and water are of the standard Rankine type with
no regeneration required since they are typical "wetting"
rluids.

Hot-lever, both "Freon" 11 and water do require

superheating in order to avoid the ror.mation o.f liquid during
the work producing process.
cycle temperature

or

For the water cycle, an upper

1 1 000°F was selected as a typical upper

limit of ordinary structural materials.
11

For the rluids

Freon 11 12, "Freon" 21, "Freon 11 113, "Freon" 114, and "Freon"

C-318, the sink temperature of 200°F is close to the critical
temperature and thererore, in order to achieve a reasonable
value

or

er.ficiency and speciric work, it is necessary to go

to a supercritical Rankine cycle where the heat addition
process occurs at a pressure above critical.

This might

TABLE III
COMPARISON OF CANDIDATE CYCLE FLUID CHARACTERISTICS

Fluid

Designation

Type of
Cycle

Rankine-Reg.

C:P-9

Max.

Cycle
Temp.

Min.

Max.

Cycle Cycle
Temp. Pressure

Cycle
Net
Pressure Specific
Ratio
Work
BTU
LB.

Thennal
Efficiency

(oF)

(OF)

650

372

37

37.0

34.90

21.3

(PSIA)

hth

CP-17

II

500

200

490

23.3

64.40

28.2

C:P-25

It

550

200

375

52.1

62.35

27.8

C:P-27

II

650

200

548

123.0

69.83

32.1

C:P-.32

II

600

200

567

76.6

68.80

25.4

C:P-34

"

500

200

462

24.0

54.15

25.7

Dowtherm

A

II

750

322

153

153.0

63.52

30.3

Dowtherm

E

11

600

204

176

176.0

60.60

31.3

418

200

188

16.0

9.67

20.8

J'C-75

n

I

1\)

0'

TABLE III cont'd.
COMPARISON OF CANDIDATE CYCLE FLUID CHARACTERISTICS

Fluid

Designation

Freon 11

Type of
.Cycle

Min.
Cycle Cycle
Temp. Temp.

Max.

Max.
Cycle
Pressure

Cycle
Pressure
Ratio

Net
Specific
Work
BTU
LB.

Thermal
Efficiency

(OF)

(OF)

Rankine-No Reg.

350

200

430

4.22

11.85

15.5

Supercritical
Rankine-No Reg.

480

200

2500

5.68

10.40

16.6

410

200

810

4.71

15.42

16.3

17.33

23.4

(PSIA)

nth

•

12

n

21

.

113

Supercritical
Rankine-Reg.

475

200

600

n

114

Supercritical
Rankine-No Reg.

460

200

1500

8.43

10.22

14.9

n

C-318

Supercritical
Rankine-Reg.

580

200

2500

9.62

13.10

23.5

BFB

Rankine-Reg.

437

200

362

15.94

17.30

20.2

Water

Rankine-No Reg.

1000

200

350

30.3

n

11.1

376.0

27.8

I

1\)

-...1
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present some control and heat transfer problems which would
have to be accounted for in the design, but it is a feasible
process.

The cycles for "Freon" 12, "Freorl' 21, and nFreon"

114 did not utilize regeneration.

The cycle for "Freonn 113

utilized regeneration of the available heat from the process
between the statepoint at the end of the work process to the
statepoint at the beginning of the heat rejection process.
Because the heating process in the "Freon 11 C-318 cycle is
partly in the supercritical region, only 80% of the heat
available for regeneration was utilized for it in determining the cycle thermal performance.
The maximum cycle temperature, the minimum cycle temperature, the maximum cycle pressure, the cycle pressure ratio,
the net specific work, and the cycle thermal efficiency for
each cycle-fluid combination considered are presented
together in Table III so that these characteristics can be
compared.

The thermal efficiency varies between 14.9 and 32.1

for the cycle-fluid combihations considered.

The calculated

thermal efficiency is over 30 f'or the fluids CP-27, Dowtherm A,
and Dowtherm E, but the pressure ratio for these cycles is
very high (123, 153, and 176 respectively).

lt can also be

observed in Table III that the net specific work based on a
given weight of working fluid varies considerably from fluid
to fluid (9.67 to 376.0).

This variance makes it diff'icu1t

to compare other features of each cycle with the same features
in other cycles using other fluids.
neoeas~ t~

It was therefore

nor.a&lize the various energy characteristics of

29
the cycle with respect to the per unit power output.

or

presents on a per unit power basis the flow rate

Table IV
fluid,

the heat addition requirements, the heat rejection requiraments, and the heat regeneration requirements.

It is evident

then Which cycle-fluid combinations require a large amount of
regeneration and the

associ~ted

heat exchangers.

The size

of the engine and the size of the heat rejection heat exchangers
are influenced by the value of the working fluid specific
volume to unit power ratio.

Values of this parameter for

both the statepoint at the start of the isentropic work
process and the statepoint at the start of the condensation
process are presented in Table IV.

The cycles for CP-27 and

"Freon" C-318 have the lowest specific volume per unit power
at the start of the work process and therefore would tend to
have the most compact engines.
The fluids CP-9, Dowtherm. A, Dowtherm. E, FC-75, "Freon"
11, and water have the higher values of specific volume at
the start of the work producing process and therefore would
tend to have larger sized engines rund boilers.

A similar

comparison can be made concerning condenser size.

The specific

volume of the fluid at the inlet to the condenser is considerably amaller for the supercritical Rankine cycle using
11

Freons II 12, 21 I 114, and C- 318 than for the other fluidS

listed in Table IV.

CP-9, Dowther.m A, and Dowther.m E have

very high values of specific volume.

T.his fact, combined

with the low condenser pressures for these cycles, results
in the undesirable feature of large condensers.

TABLE!!.

OOMP ARISON OF CYCLE PROCESS ENERGIES AND VOLUMES
PER UNIT POWER
Specific
Volume
at Start
of Power

Specific
Volume
at
Condenser
Inlet 3

Fluid
Flow
LB
HP MIN

Heat
Added
BTU

Heat
Rejected
BTU

HP M11

Heat
Regen.
BTU
BP.MIH

CP-9

1.21.5

199 • .5

157.0

107.8

CP-17

o.659

150.5

108.1

15.75

N/A

1/A

OP-25

o.68o

152.5

110.0

37.40

N/A

N/A

CP-27

o.6o7

131.5

89.3

22.45

.o65

8.46

OP-32

o.617

166.8

123.8

27.3

.0978

7.35

CP-.34

0.783

164.9

122.0

.174

3.32

Dowtherm A

o.668

140.5

97.9

77.3

.266

33.4

Dowtherm E

o.7o

135.9

9.3.4

2).5

.244

3.3.3

PC-75

4.39

204.0

161.0

151.0

.267

Fluid
Designation

HP MIN

8.54

Pr~!ss
~

1!1

1.83

FT
HP MIN

54.7

5.98

I
UJ

0

TABLE IV

cont'd~

COMPARISON OF CYCLE PROCESS :ENERGIES AND VOLUMES
PER UNIT POWER

-

Specific
Volume
at Start
of Power

Specific
Volume
at
Condenser
Inle3

Fluid
Flow
LB
HP.MIN

Heat
Added
BTU

ifl5.M11

Heat
Rejected
BTU
HP Mil

Heat
Regen,
BTU

HP :M!I

IiP.MII

Freon 11

3.58

273.0

231.0

0

.322

f1

12

4.08

255.0

212.5

0

,1022

.327

"

21

2.75

259.5

217.0

0

.179

.935

fl

113

2.45

181.0

138.8

36.3

.147

1.528

n

114

4.14

284.5

242.0

0

,145

.7 22

n

C-318

3.24

181,0

138.3

156.5

.0745

.2755

HFB

2.45

218,0

175.5

53.5

.1885

3.90

Water

0,113

153.0

110.7

0

,2765

3,805
_j

Fluid
Designation

Proc~ss

FT

. FT
HP MIN

1.54

\.J.J
1-'
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A considerable amount of data on the candidate working
fluids has been presented in Tables II, III, and IV.

Yet,

not one of these fluids stands out as being superior for the
Rankine cycle powered land vehicle application.

Every

candidate fluid possesses deficiencies of one for.m or another.
However, from a relative standpoint, some of these fluids are
more desirable than others and some can be considered poor
candidates.

CP-9, CP-17, and Dowther.m A can be considered

less attractive4than the other fluids for the land transportation vehicle application because of the undesirable features
previously discussed and presented in Tables II, III, and IV.
Of the remaining somewhat more attractive fluids, CP-27,
11

Freon" C-318, and water possess the best overall attractive

features and should be considered as prime candidates today
in any current Rankine cycle powered land vehiale application.
They do, however, each possess characteristics which have been
discussed that are unattractive, though not significant enough
to disqualify them.

A fluid which comes closer to the desired

optimum Rankine cycle working fluid is what is required in
order for this power cycle to reach its full potential in the
land vehicle application.
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IV.

THE STIRLING CYCLE
Another closed

the~odyhamic

interest is the Stirling cycle.

power cycle of considerable
This cycle is illustrated on

temperature-entropy and pressure-volume diagrams in Figure

5.

It consists of the isothermal-heat addition expansion process

(1-2), the constant specific volume heat rejection process

(2-3), the isothermal-heat rejection compression process (3-4),
and the constant specific volume heat addition process (4-1).

Typical
Actual
Cycle

p

T

4

3

s

v

Figure 5

The Stirling Cycle

If the heat rejected in process (2-3) is added to the
process (4-1), then the cycle is called a regenerative
Stirling cycle.

The thermal efficiency of this 100~ regenera-

tive cycle is equal to Car.not efficiency.

It is generally

expressed in the following form utilizing the subscripts of
Figure

5:
Tl- TQ.
"'
'1 = 1 Tl Stirling =
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The Stirling cycle is the only basic modern engine cycle that
has the inherent capability

o~

producing the ultimate possible

maximum e~ficiency of the Carnot cycle.3 2
As with all engines which utilize a

de~ined

cycle, the actual Stirling engine cycle deviates
thermodynamic cycle in the

thermodynamic
~rom

the

approximated by the dotted

~ashion

line on the pressure-volume diagram

o~

Figure

5.

An engine

utilizing the Stirling cycle can be formu1ated using a
configuration consisting of a cylinder, two pistons, three
heat exchangers (cooler, regenerator, and heater), and a drive
mechanism to coordinate the motion

o~

the two pistons.

T.he

position of the various elements of the engine and their
location at various statepoints in the cycle is illustrated
in the schematic drawing of Figure 6.

-----Hot space
Heater
Regenerator
Displacer piston
Cooler
Cold space
Power piston
Figure 6

3

4

Stirling Cycle Engine Co~iguration
at Various Phases in the Cycle

The position of the pistons in Figure 6 in relation to
the processes of the Stirling cycle can best be described as
follows:
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• Statepoint 1 shows the piston at the end
of the constant specific volume heat
addition from the regenerative process
and at the start of the isothermal-heat
addition expansion process.
• Statepoint 2 shows the pistons at the end
of the isothermal expansion and at the
beginning of the constant specific volume
heat rejection process to the regenerator.
• Statepoint 3 shows the pistons at the end
of the constant specific volume heat
rejection process and at the beginning of
the isothermal-heat rejection compression
process.
• Statepoint 4 shows the pistons
isothermal compression process
start of the constant specific
·addition from the regenerative
A.

after the
and at the
volume heat
process.

Stirling Engines and Their Characteristics
The Stirling cycle engines have virtually all of the

attributes of closed cycle systems discussed in Section II
which are:
• Considerable choice is available in the
selection of the working fluid and cycle
base pressure.
• Almost any type of cycle heat source can
be utilized (if a petroleum fuel is used,
the combustor can be optimized to burn as
pollution free as possible without significantly affecting the rest of the system).
• Heat exchangers of some type are required
for the heat regeneration, heat addition,
and heat rejection processes.
• Lubrication of moving parts and system
sealing can, under certain circumstances,
present problems.
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Robert Stirling, a Scottish minister, patented the hotgas engine in 1816.

This engine and other for.ms of it were

used for a number of applications during the early and middle
19th century. 32
ther.modyn~cs

At that time in history the sciences of

and heat transfer were in a rather primitive

state, and as a result, the Stirling engine never reached a
state of development that was anywhere close to its potentialities.

In the few applications which it had, it was dis-

placed by the steam engine and later by the internal combustion engine.
In 1938, the Philips Research Laboratories, Endhoyen,
Holland, was searching for a small heat driven source of
power for radio and similar equipment used in parts of the
world where batteries were not always readily available.
The power source for that application had to be quiet in
operation, capable of working on a wide variety of fuels,
and able to give long service with little maintenance.

They

selected the Stirling engine and since then have expended
considerable research and development effort toward the
modern Stirling engine.33

In November, 1958, Philips Research

Laboratories and General Motors Corporation agreed to institute a cooperative program to fUrther develop Stirling engines
for American commercial and military applications. 32
The results which the Philips Research Laboratories
have achieved in applying modern technology to the Stirling
engine are very ~pressive.

T.hey have, through development

work, solved the seal problems as well as the high tempera-
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ture head and heat exchanger problems.

By utilization of the

rhombic drive mechanism illustrated in Figure 7, they were
able to achieve a perfectly balanced engine which was
virtually vibration rree.33

This rhombic drive mechanism also

accomplishes the sequencing of the displacer piston and power
piston according to the required sequence of events presented
in Figure 6.

The basic linkage arrangement of the rhombic

mechanism is illustrated in Figure 7.
- - - - - Hot space
Heater--Regenerator--~~

Cooler---_...~~~

Cold space
~~----Power piston

~.~.----

drive mechanism

Figure 7

The Stirling Engine With a Rhombic
Drive Mechanism

~ince the power output and efficiency of a Stirling

engine is a function of size, speed, working gas, and other
considerations, Philips has developed various optimizing
techniques to study the interrelationships. 33

Using these

techniques, they compared the optimum perfor.mance of air,
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helium, and hydrogen £or a

50

hp per cylinder Stirling

The results of this comparison from Re£erence 33

engine.

are presented in Figure 8.

From the data of Figure 8, it can

readily be concluded that hydrogen is the optimum performance
Stirling cycle working gas.

50 Bhp per cyclinder

.55
.5o
.45
nth

Helium

.40

.35
.30 0

L~o

80
120
160
Power- Hp/li ter piston swept volume

Figure 8 Efficiency and Power Comparisons
for Air, Helium, and Hydrogen

Philips has built and extensively tested a hydrogen
working gas Stirling engine rated at 30 brake horsepower at
1500 rpm.

The data for this engine33 illustrate some o£ the

unique characteristics of Stirling engines and therefore is
presented in Figures 9, 10, and 11.

Figures 9 and 10

illustrate the in£luence of engine speed and cycle maximum
pressure on brake horsepower, thermal efficiency, and
dynamometer torque.

The exceptional flexibility of the

engine is apparent from the small variation in torque with
engine speed and the desirable variation in power with engine
speed.
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Figure 9 Power and Efficiency of a Stirling
Engine Rated at 30 Bhp at 1500 rpm
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Figure 10 Torque of a Stirling Engine Rated
at 30 Bhp at 1500 rpm
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Figure 11 Power and Efficiency Variation as a
Function of Heater Temperature and
Thermal Sink Temperature
The test results presented in Figures 9 and 10 relate
to a heater temperature of 700°0 (1290°F) and a heat rejection
sink temperature of 15°0 (59°F).

If the heater temperature

were different or the sink temperature different, the power
output and thermal efficiency would be different according to
the re1ationships of Figure 11.

The data of this figure were

based on the conditions of maximum pressure of 140 KG/CM 2 and
an engine speed of 1500 rpm.
The noteworthy characteristics of the modern Stirling
engine can be summari•ed as follows:
•
•

It is the most efficien~ 3 thermodynamic
engine available today.
• i s h l.~·
.....'h 32,33
Its power to swept-vo1ume ratl.o

• The weight of current units (::< 10 lb/hp) 32
is slightly higher than that of the eu~~ent
internal combustion engines F ~4lb/hp)-''+
and Diesel engines (z 5 l.b/hp).
However,
this weight can probabl.y be reduced through
further devel.opment and innovation.
• T.he size and required volume of current
Stirling engines is somewhat more than
current internal. combustion engines and
Diesel engines due to the two piston
phasing3,echanism and required heater
volume.
• It is probabl.y costly to build,35 although
on a mass production basis this is a difficult parameter to estimate. Very rough
estimates indicate the initial manufacturing cost would be approx±mately
5 dollars/hp. (ICE cost is 3 doll.ars/hp.)34
• Changing rapidly from one power level to
another is dii'f'icul t to acco~ll.lish with
the current Stirling engine.
• Due to the nature of the leakage characteristics of hydrogen and helium gas,
these working fluids woul.d probably have
to be replenished from time to time
in-service.
• The Stirling engine has no valves which
requir~ 3 opening and closing during the
cycl.e.
• Most current configurations have an
initial heat up time from the cold condition of approximately one minute. However,
this time can probably be reduced to less 3 6
than ten seconds through improved design.
With these many advantages and despite the less admirable
qualities, a number of applications for the Stirling engine
have been made and are being planned for the future.

A

Stirling engine utilizing helium as the working fluid has
been used as the engine for a hybrid experimental ear by the
General Motors Research Laboratories.37

This application

used the engine to drive an alternator to generate electricity
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to be stored in lead acid batteries.

The electric energy was

then utilized to operate a 3-phase induction motor tied to
the

driv~

train of the axle.

An extensive study and hardware evaluation of the

Stirling engine as a power source for spacecraft was performed
a number of years ago by Allison Division of General Motors.3 6
The heat sources considered for this application were solar
and nuclear heat energy.

This activity concluded that the

Stirling engine was a feasible power source for space
application.
A number of different configurations for Stirling
engines is possible.

Further research, development, and

ingenuity will open up a number of interesting and perhaps
very rewarding avenues.

Some engines which have already

been investigated include the Stirling V-engine where the
displacer and power pistons rest separately in their respective adjacent cylinders. the double acting engine, the swash
·plate engine, and the in-line engine configuration. 38

The

in-line Stirling engine configuration is currently being
developed by General Motors for possible application to
busses

and~·

vehicles of this type.

General Motors expects

to build Stirling engines with basic thermal efficiencies
in the range of

50~ to 60~.38
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V.

THE FEHER SUPERCRITICAL POWER CYCLE

A thermodynamic power cycle which has developed considerable interest in recent years is the supercritical cycle.
This cycle has been referred to at times in the literature as
the Feher cycle3 9 due to the early work accomplished by
Ernest G. Feher and the subsequent papers he has presented
on the subject.40,41
This closed cycle is unique in the fact that the base
pressure is above the critical pressure of the working fluid
and yet the processes of the cycle extend into the liquid
region of the working medium.

The ideal form of this cycle

is illustrated on temperature-entropy and pressure-volume
diagrams in Figure 12.

It consists of a work producing gas

1

p

T

3

~------------~

2

.~-------Critical

point

4
3

line

line

s

v

Figure 12 T.he Feher Supercritical T.her.modynmnic
Power Cycle

phase, isentropic expansion process (1-2), a constant pressure
cooling process (2-3) into the liquid region, a lowwork
requirement liquid phase compression or pumping process {3-4)
to the cycle upper pressure, and a constant pressure heating
process <4-l) to the cycle maximum temperature.

The location

o:f these statepoints and processes in a typical pm-1er system
o:f this type is illustrated in the schematic dra-vling of
Figure 13.
Pump

3

Engine

--

1

,
!!(

4

~

---------

t

Q

L

I

Work out

2

----------- -~ Q.
.1
---------Recuperator

Heat dump
heat exchanger

I

----------Q.
tsource

Heat
heat exchanger

Figure 13 Schematic o:f the Major Units in a Feher
Supercritical Cycle Power System

In order to achieve a high thermal e.ffici ency for this
cycle, the majority of the heat rejected during the cooling
process (2-3) must be added to the .fluid on the high
side during the heating process (4-1).

press~e

This process is

referred to as regeneration and requires that a counter-flo~
heat exchanger (recuperator) be utilized in the system to
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per~or.m

this function.

T.he capability to regenerate a large

portion of the cycle energy makes the supercritical cycle
very attractive

~rom

an

ef~iciency

standpoint--very little

energy has to be dumped from the cycle.

In comparison. both

Rankine and Brayton cycles, by their very nature, require
that significant amounts of energy be rejected

~ro.m

the cycle.

Beside the regenerative heat exchanger required for the
supercritical cycle, a small heat exchanger is required to
further cool the
pump.

~luid

in process (2-3) before entering the

In addition, a heat exchanger is required to heat the

fluid to the cycle maximum temperature in process (4-1) prior
to the work producing process.

Both of these heat exchangers

are illustrated in the flow system schematic drawing of
Figure 13.
The thermal efriciency of the supercritical cycle is

defined as the ratio of the net work out to the heat added.
It has a general form similar to that for the Rankine cycle
and is presented in equation form below:
(hl - h2) - (h4 - h3)
hl - hro*

*Where h_ is the enthalpy of the fluid leaving the regenerative heat 0 exchaager in process <4-1).
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A.

Feher Supercritieal P9wer Cycle System Characteristics
The Feher supercritical power cycle has essentially all

the attributes of closed cycle systems which were presented
in Section II.

In addition. the supercritical thermodynamic

power cycle has a number of unique characteristics which avoid
most of the problems associated with Rankine and Brayton cycles
and yet retains many of their advantageous characteristics:
• The pressure rise in the cycle is accompliShed in the liquid phase and therefore
requires minimum work.
• The work producing expansion process takes
place entirely in the superheat region and
therefore a turbine can be utilized to
achieve highconver.sion efficiency and
minimum density per unit power.
• The required pressure ratio of the cycle
is considerably gmaller than those typical
of Rankine cycles. This results in a
simpler work producing unit. For exrunple,
a turbine unit would require fewer stages.
• A smaller quantity of heat has to be
rejected from the supercritical cycle in
comparison with the Rankine and Brayton
cycles. No condensers or large heat
exchanger units of this type are required.
• All heat transfer processes occur at high
fluid pressures and densities. Therefore,
the heat transfer characteristics of the
fluid are improved over those of typical
low pressure-low density Rankine and
Brayton cycles. As a result, smaller and
more efficient regenerators, heaters, and
heat rejection units can be achieved than
with comparable Rankine and Brayton cycle
systems.
• In comparison with Rankine and Brayton
cycle systems, the overall size and weigbt
of the supercritical cycle system is lower.

47
Besides the above mentioned attractive features of the
supercritical cycle, several characteristics of this cycle
are not entirely desirable.

These are:

• For most working fluids the required operating pressures are very high (in the 1,000
psia range). This creates potential seal
and leakage problems which are defini tel.y
design challenges. In addition, this high
pressure working fluid condition could present
a hazard if' the system were ruptured.
•

Because of' the temperature ranges in the
unit during start up and operation, thermal
stresses can be a potential problem unless
this condition is adequately taken care of
in the design.

• The w~king f'l~ds which can be utilized
for this cycle are somewhat limited because
the fluid critical temperature, and to a
lesser degree the· fluid cri tic·al pressure,
have to fall within a certain range. This
requirement, plus the high temperature
requirements of the cycle to achieve high
efficiency and the thermal decomposition
characteristics of' most fluids, places
even greater restrictions on the possibl.e
working fluids.
Despite these limitations, several supercritical cycle
power systems have been proposed4°-42 and at least one has
been built.39

The working fluids which have been suggested

for application.to the supercritical cycle are listed in
Table V along with their critical temperature and pressure.
The data of' Table V were obtained from References 22-23,

41-42.

Due to the fact that the critical temperatures of' carbon
dioxide, perf'luoropropane, sulfur hexafluoride, and xenon is

88°, 161°, lJ.4°, and 62°F respectively, it is questionabl.e
whether these f'l.uida can be utilised for the land vehicle

application with its enviroumental sink temperature requirements.
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TABLE V
WORKING FLUIDS SUGGESTED AS CANDIDATES FOR THE
SUPERCRITICAL POWER CYCLE (FEHER CYCLE) APPLICATION

Critical
TeWP•
( F)

Critical
Pressure
(psia)

271

1,636

Carbon Dioxide

NH3
C0 2

88

1,072

Hexafluorobenzene

C6F6

470

480

Oc tafluoroc,ye lo butane

C - c4 F8

240

404

Perfluoropropane

C3F8

161

388

Sulfur dioxide

so 2

315

1, ll!-3

Sulfur hexafluoride

SF6

114

546

Water

H20

705

3,206

Xenon

Xe

62

853

General Name

Ammonia

Formula
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Supercritical cycle power systems which have been studied
extensively and built to date have utilized carbon dioxide as
the working fluid.

The selection of carbon dioxide for these

applications was based on the following considerations:4°
• It is a stable and inert material over a
wide temperature range.
• There is a considerable amount of data
available on the properties of carbon
dioxide and hence the cycle analysis can
be based on relatively fir.m data.
• Carbon dioxide is non-toxic.
• It is also abundant and inexpensive.
• It can be applied to situations with a
sink temperature below 80 F effectively.
The thermal efficiency which can be achieved utilizing
carbon dioxide as the working fluid in a supercritical cycle
is illustrated in Figure 14 which is based on data from
Reference 40.

The effect of cycle pressure ratio and

turbine-pump efficiency is also illustrated in this graph.
The efi'ect of varying the turbine inlet temperature on cycle
thermal efi'iciency is shown in Figure

15.

The efi'ect on cycle

thermal efficiency of the minimum cycle temperature is
illustrated in Figure 16.
Observe that utilizing a conservative turbine and pump
efficiency of

80~,

a cycle pressure ratio of

1.5,

a turbine

inlet temperature of l,J00°F, and a cycle minimua temperature
of 68°F, a cycle thermal efficiency of 4S~ can be obtain~d.
This efficiency is very attractive and compares well with the
beat achievable, including that of the Stirling engine discussed

ia the previous aeetioa.
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Figure 14 Supercritical Cycle Thermal Efficiency
as a Function of Pressure Ratio and
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Figure 15 Supercritical Cycle Thermal Efficiency

as a Function of Turbine inlet Temperature
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Many of the problems associated with bearing design and
thermal stresses have been overcome in the design and development of the lOKw Turbo-Alternator which is documented in
Reference 39.

The carbon dioxide Horking fluid for this Wlit

is utilized as the lubricant in the bearings in a fashion
similar to that employed in gas bearings.

However, the

properties of very high pressure carbon dioxide are such that
it is considerably better than the gases used in typical gas
bearing design.

This is illustrated by the data in Table VI3 9

for carbon dioxide, air, and water.

High pressure carbon

dioxide is, in fact, an unusual film bearing lubricant that
combines many of the attributes of liquid film bearings with
the advantages and problems associated with gas bearing
technology.39

Other candidate working fluids may possess

similar advantageous characteristics.
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TABLE VI

FLUID PROPERTIES

Fluid

Pressure
psi a

C0 2

2,000

Bulk Modulus
psi

OF

Viscosity
Reyns*

100

6.9

X

10- 9

6.200

Tfamp.

Air

14.7

70

2.6

X

10- 9

15

Water

14.7

70

145

X

10- 9

43.500

*One Reyns - 6.8947 x 106 Centipoises
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VI.

CONCLUSIONS
Air pollution has become a major problem in this country

and the internal combustion engine powered land transportation
vehicle is the source of a significant portion of this environmental contamination.

One way to solve this problem. is the

utilization of an inherently cleaner power source.

Closed

cycle*-external combustion engine concepts are attractive
fro.m the standpoint of reducing air pollution to the lowest
technically feasible level and they also possess the capability to meet the

perfo~ance

requirements of the application.

During this investigation it was found that the most
promising closed

the~odynamic

power cycles are the Rankine,

Stirling. and Feher supercritical cycles.

Since all three of

these approaches are in a relatively early stage of development. it is impossible at this time to establish precisely
which alternative is ultimately the superior choice.

This

situation is attributable to the fact that too little creative engineering and scientific effort has been expended to
date in developing closed cycle engines and the associated
working fluids.

However. a number of important observations

can be made concerning each individual closed thermodynamic
cycle concept.
The Rankine cycle can be utilized with a number of
different working fluids to achieve a workable power producing
unit.

However, all candidate working fluids available today

*closed cycle refers to a sealed working rJ.uid~ s,.atem. Which
ean be at operatiag pres•urea other thaD UJ.'blent.
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possess some individual unattractive features such as poor
thermal stability, high toxicity, high flammability, poor
ther.mal efficiency, high freezing temperatures, high cost, or
undefined thermodynamic properties.

Some fluids have more

serious and numerous deficiencies than others and therefore
are considerably less desirable.

Of the seventeen

pr~e

Rankine cycle working fluids analyzed, Monsanto's CP-27,
DuPont's "Preon" C-318, and water were found to have the most
promising potential because of their attractive thermal
efficiencies and other considerations.

Otherworking·f'J.uids

may be developed in the future which, with the proper system
design, may make the Rankine cycle engine attract! ve and
oompetitive with the internal combustion engine (ICE).
However, because of the thermal efficiency of current fluids
and the complexity of the currently proposed engine systems,
the efforts to make this type of' system competitive with the
ICE wi11 at best be very difficult.
The Stirling cycle engine was found to be capable of high

thermal efficiency and to be· reasonably __well devel.oped and optimdzed considering its limited application to date.

In current

units, it suffers from higher weight, larger size, and higher
initial cost per unit power than for comparable inteianal combustion engines.

Creative development work in the tuture may

be abl.e to reduce these penal.ties.

It may find good applica-

tion to units such as busses and trucks where its desirable
operating efficiency and low-polluting characteristics are at
least as t.portant aa the coaaiderations of' weight, size, and
initial cost.
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The Feher supercritical cycle engine was found to be
capable of high thermal efficiencies, inherently compact in
size, gnd basically simpler in design than either the Rankine
or Stirling cycle engines.

The concept of this cycle is rela-

tively new and to date only carbon dioxide (critical temperature = 88°F) has been utilized as a working fluid.

A suitable

fluid with a higher critical temperature (in the range o£
180° to 280°F) is required for this cycle to be useful for the
land transportation vehicle application.

I£ the proper working

fluid can be found or developed, this supercritical cycle
concept has the most overall promise of any of the closed
thermodynamic cycle-external combustion engine concepts in
being competitive or superior to the internal combustion engine.
A comparison o£ the thermal efficiency for the most
promising closed cycle-working fluid combinations known today
is presented in Table VII and it illustrates the main features
of various thermodynamic cycle approaches.

Other considerations

which are of major importance in some closed system designs
are potential high pressure seal problems and poor response
characteristics to a rapidly changing load.

To solve this

problem, a promising concept is a hermetically sealed enginealternator with electrical transmission of energy to the
wheels.

The generated electrical energy could then be used

either directly to run electric motors to drive the wheels or
could be stored in batteries until required at the wheels
during peak power requirements.
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TABLE VII
COMPARISON OF VARIOUS CLOSED CYCLE-EXTERNAL
COMBUSTION ENGINE CONCEPTS

Cycle
Working
Fluid

Type of
Cycle

RankineRegeneration

CP-27

Cycle

Tar;)•
( F

Cycle
Min.
T~)•
( F

Cycle
Thermal
Efficiency
Ylth

650

200

32.1

580

200

23.5

Max.

Supercritica1 .
RanltineRegeneration

11

Rankine
Superheat

Water

1000

200

27.8

Stirling

Hydrogen

1290

59

38.0

FeherSupercritical

Carbon
Dioxide

1300

68

45.0*

F-reon 11 C-318

*Based OR tur~ine and compressor efficiencies of 80~.
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Despite the design challenges and political problems
associated with change, the better closed cycle-external
combustion engine concepts are surficiently promising to warrant rurther investigation and serious development activities
to the operating prototype stage.
and unbiased evaluation be

Only then can a realistic

perfo~ed.

The selection of the

power plant ror land transportation vehicles in the ruture
will be based primarily on initial cost, operating economy,
performance, and the extent to which it pollutes the environment.

In order to be competitive in perror.mance and cost,

the closed cycle-external combustion engine must be developed
and refined to its optimum potential.
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VII.

RECOMMENDATIONS
The air pollution caused by the land

tran~portation

vehicle should be reduced to the lowest level that is technically feasible.

In pursuing this objective, the Rankine,

Stirling, and Feher supercritical closed cycles-external
combustion engine concepts with their inherent low pollution
potential should be thoroughly studied, developed, and
evaluated.
The search for a Rankine cycle working fluid which meets
the following

criteri~

as well as is possible, should be

pursued in order that this cycle may achieve its full potential.

The criteria are:
• The fluid should be capable of achieving
a high cycle thermal efficiency (ratio
of net work energy out to the energy
input). Preferably this number should be
greater than 25%.
• The freezing temper&ture of the fluid
should be below -40 F.
• The fluid should be chemically stable to
the maximum0 c¥cle temperature (typically
about 1,000 F).
• The fluid should be compatible with common
materials of construction in the temperature
range of the cycle.
• A desirable critical tempe 0ature for ~e
fluid would be between 900 and 1,100 F.
• A desirable critical pressure tor the fluid
would be somewhat below 1,000 psia.
• T.he fluid vapor pressure at the condenser
temperature (preferably 200°F) should be
in the range o~ 3 to 30 psia or higher.
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• The fluid should be as nontoxic and noninrlrummable as possible (United States Coast
Guard ratings or 0 or 1 are desirable).
• The molecular weight or the rluid should be
in the approximate range or 60 to 180 in order
to possess a close to constant entropy
saturated vapor line.
• The molecular weight or the rluid should
be high enough to minimize the number of
stages in a turbine system yet low enough
to retain good heat transfer characteristics.
Molecular weights in the mid range (60 to
180) are again of the most interest.
• The fluid liquid phase specific heat
should be lgw (preferably less than
0.4 Btu/lb. F).
• The fluid should have reasonably good
lubricating qualities in the engine.
• The rluid should be nonreactive with
common substances such as asphalt,
concrete, and gra.ss.
• The cost of the fluid should be reasonable
when produced in large quantities (preferably less than 25~ per pound).
It is also recommended that the search for a more suitable Feher supercritical cycle rluid other than carbon dioxide
be pursued.

The desired Feher supercritical cycle working

fluid would have most of the characteristics of the Rankine
cycle optimum fluid listed above.

Exceptions or differences

would be in critical temperature, critical pressure, chemical
stability at high temperatures, vapor pressure requirements
at cycle

min~um

weight.

The unique characteristics in the criteria tor the

temperatures, and the desired molecular

Feher supercritical cycle working fluid are:
• The rluid critical 8emperat~e should be
ia the range of 160 to 28o·p 1a erder to
be utilizable in the land vehicle enviroaaent.
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• The fluid critical press~e should be in
the range of 20 psia to 800 psia (the
lower end being preferable).
• The fluid should be chemically stable to
the desirable cycle m~ temperature.
Depending upon the thermodynamic processes
being0 utilized, this cou1d be as high as

1,.500 F.

• The fluid vapor pressure and molecular
weight has no special implications other
than their ettect on the heat transfer
characteristics.
• The f'luid should haYe known thermodynamic
properties in the supercritical region
where the Feher supercritical cycle
processes occur.
In addition, it is further recommended that the most
promising thermodynmnic cycle-working f'luid concepts which
develop be investigated in detail considering the many
tant design requirements and system considerations.

~por

The

systems with the most promise should be creatively developed
to the prototype stage.

These prototypes should be evaluated

in a realistic and unbiased fashion to establish initial cost,
operating economy, performance, and the extent to which it
pollutes the environment.
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VIII.

LIST OF SYMBOLS

A

Constant in the Clausius-Clapeyron equation

B

Constant in the Clausius-Clapeyron equation

Bhp

- Brake horsepower

ep

- Pump efficiency

er

- Recuperator efficiency

et

- Turbine efficiency

h

- Enthalpy (BTU/LB)

P

- Pressure (psia)
- Heat added to the thermodynamic c,rcle per unit
mass of working fluid (BTU/LB)

s

- Entropy (BTU/LB·°F)

T

- T emperat ure ( OF)

Tr

- T emperat ure ( oR)

V

- Specific volume (BTU/LB)

Wnet

- Net specific work from a cycle (BTU/LB)

~

- Carnot cycle efficiency

~Stirling

-Stirling cycle efficiency

nth

-Thermal efficiency

7'

-

' ' Carnot

Dyn&mometer torque (Kg•M)
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